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The WxxxE family of bacterial effector proteins is thought to manipulate host signaling pathways by directly
mimicking activated cellular GTPases. In this issue of Cell Host & Microbe, Ohlson et al. (2008) reveal that the
structure of one such effector, Salmonella SifA, closely resembles that of an activator of endogenous
GTPases.Subversion of host signaling pathways is
central to the virulence of many patho-
genic bacteria. Such subversion is com-
monly achieved by bacterial delivery of
a cocktail of specialized effector proteins
directly into host cells. Pioneering studies
in the past decade have revealed that
a common bacterial strategy is to deploy
proteins that functionally mimic cellular
activities, and while these bacterial
mimics are often homologs of eukaryotic
proteins, presumably acquired through
horizontal transfer, others show little or
no sequence similarity to host proteins
and have arisen by convergent evolution
(Stebbins and Gala´n, 2001). The molecu-
lar mechanisms through which these dis-
tinct effectors mimic host cell factors can
often only be fully appreciated from high-
resolution structural studies. Ohlson et al.
(2008) use such an approach to reveal an
unexpected mimicry of host signaling by
the SifA effector protein, which furthers
our understanding of the complex patho-
genic behavior of Salmonella.
In the host cell, the Ras family of small
GTPases are master regulators of a pleth-
ora of cellular functions, including cell di-
vision, nuclear import, vesicle trafficking,
and cytoskeletal dynamics (Wennerberg
et al., 2005). GTPases are molecular
switches, cycling between inactive GDP-
bound and active GTP-bound forms. Cel-
lular guanine nucleotide exchange factors
(GEFs) trigger GTP binding (i.e., activa-
tion), while GTPase activating proteins
(GAPs) stimulate hydrolysis of the bound
nucleotide to GDP, thus turning off the
switch. Guanine nucleotide dissociation
inhibitors (GDIs) sequester inactive
GTPases and prevent their activation.
Pathogenic bacteria have evolved mimics
of all of these regulatory factors, enabling
them to exquisitely manipulate the host’sGTPase pathways for their own benefit
(Mattoo et al., 2007).
Recently, Alto et al. (2006) identified
a distinct subset of effectors present in
several pathogenic bacteria and charac-
terized by an invariant essential sequence
motif, including tryptophan and glutamate
residues: theWxxxEmotif. These ‘‘WxxxE
effectors’’ elicit GTPase-like cellular re-
sponses without having homology to
host GTPases or binding nucleotides.
For example, Shigella IpgB2 triggers the
formation of stress fibers, characteristic
of activated RhoA GTPase, while the en-
teropathogenic E.coli (EPEC) effector
Map induces filopodia reminiscent of
those generated by activated Cdc42. A
key finding was that these responses in-
duced by WxxxE effectors are insensitive
to bacterial toxins that irreversibly inacti-
vate cellular GTPases and also to domi-
nant-negative GTPases. This observation
suggested that WxxxE effectors mimic
activated GTPases directly, bypassing
the control of host regulatory proteins.
This year, however, several WxxxE ef-
fectors were identified whose activities
seem to call into question the paradigm
of GTPase mimicry. EPEC EspM2 and
EspM3 trigger the formation of stress fi-
bers in cells, but unlike other WxxxE fam-
ily members, they require host RhoA and
indeed were shown to induce activation
of RhoA (Arbeloa et al., 2008). Neverthe-
less, the complex level of crosstalk char-
acteristic of GTPase signaling pathways
suggest it is possible that rather than
directly activating RhoA, the EspM2 and
EspM3 effectors mimic another GTPase
upstream of RhoA signaling. The Shigella
effector IpgB1 functions in this manner,
inducing lamellipodia by mimicking
RhoG. RhoG, acting upstream of the
Rac1 GTPase, recruits the Rac1-specificCell Host & Microbe 4, NELMO-Dock180 GEF complex (Handa
et al., 2007).
The Salmonella effector SifA studied by
Ohlson et al. (2008) is predicted to be part
of theWxxxE family (Alto et al., 2006). Sal-
monella virulence is dependent upon the
ability of the bacterium to both enter and
survive within host cells (Haraga et al.,
2008). Following internalization, Salmo-
nella reside within a specialized phago-
some termed the Salmonella-containing
vacuole (SCV). SifA is required tomaintain
the integrity and perinuclear positioning of
the SCV, and also for the production of
Salmonella-induced filaments (Sifs), tubu-
lar membrane structures that extend from
the SCV along microtubules. The interac-
tion of SifA with the host protein SKIP is
crucial for these activities and results in
the exclusion of the motor protein kinesin
from the SCV (Boucrot et al., 2005).
Ohlson et al. (2008) demonstrate that
when SifA is coexpressed in eukaryotic
cells with another Salmonella effector,
SseJ, endosomal tubules reminiscent of
Sifs are generated. However, SifA is no
longer required for tubule formation when
the cells express constitutively active
host RhoA, RhoB, or RhoC. Given what
is known about other WxxxE effectors,
this finding raised the possibility that
SifA might function by mimicking one
or more of these Rho GTPases. The au-
thors go on to solve the structure of SifA
in complex with the pleckstrin homology
(PH) domain of SKIP. SifA is composed
of two domains. The N-terminal domain
binds to the PH domain of SKIP, while
the C-terminal domain, containing the
conserved WxxxE motif, is composed of
two three-helix bundles arranged in
a ‘‘V’’ shape. Remarkably, the structure
of the SifA C-terminal domain is very sim-
ilar to that of SopE, a Salmonella effectorovember 13, 2008 ª2008 Elsevier Inc. 411
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Previewswith GEF activity for Rho GTPases. In ad-
dition, Ohlson et al. (2008) show that SifA
can bind directly to inactive, GDP-bound
RhoA, and although exchange activity
has not yet been reconstituted, it seems
likely that rather than being a GTPase
mimic, SifA is a further example of abacte-
rial GEF.
In parallel with this work, Jackson et al.
(2008) have demonstrated that SifA is
a Rab GTPase antagonist. This appar-
ently contradictory finding is actually con-
sistent, as these authors show that the
SifA-SKIP interaction prevents SKIP from
binding to Rab9. As the structure of SifA in
complex with SKIP shows, the SKIP-
interacting domain is distinct from the
apparent GEF domain. SifA therefore
appears to use separate domains to both
antagonize and activate distinct small
GTPases.
The WxxxE family of effector proteins
was originally identified on the basis of
a motif in which invariant tryptophan and
glutamate residues are crucial for function
(Alto et al., 2006). The structure of SifA re-
veals that these conserved residues are
buried and probably play a role in stabiliz-
ing the proposed catalytic loop of the GEF
domain, in which case mutation of these
residues would likely disrupt GEF activity.
However, it also possible that such muta-
tions would have wider effects on the
whole SifA structure. Indeed, Jackson
et al. (2008) show that substituting the
tryptophan and glutamate residues with
alanine disrupts the SifA-SKIP interaction.
This is somewhat surprising given that the
WxxxE motif is located within the pro-
posed GEF domain—and is possibly in-
dicative of wider structural change. Fur-
ther structure-based mutagenesis will be412 Cell Host & Microbe 4, November 13, 200required to study the functions of the sep-
arate domains and to determine the pre-
cise function of the WxxxE motif.
The actions of several WxxxE effectors
are insensitive to dominant-negative
GTPases and to YopT, a bacterial toxin
that cleaves the prenyl moiety from
GTPases (Alto et al., 2006). Additionally,
members of this effector family have
been shown to directly interact with
the downstream targets of activated
GTPases. Consequently, the GTPase-
like phenotypes associated with WxxxE
family effectors were proposed to result
from GTPase mimicry, rather than direct
activation. If WxxxE proteins are actually
GEFs, as predicted from the SifA struc-
ture, how can these data be explained?
First, dominant-negative GTPases are
thought to work by stably binding cellular
GEFs and thus preventing activation of
endogenous GTPases. It is possible that
these mutant GTPases cannot stably
bind to bacterial GEFs such as SifA. The
requirement for endogenous GTPases
could be studied more effectively using
RNAi-mediated depletion. Second, re-
moval of prenyl groups by YopT prevents
GTPases from interacting with mem-
branes. A characteristic of WxxxE pro-
teins is the presence of eukaryotic-target-
ing motifs. Especially provocative is the
CaaX motif present in SifA, which is pre-
nylated analogously to Rho GTPases
themselves and is responsible for SifA
membrane targeting and required for its
function. Could SifA itself recruit RhoA to
the membrane without the need for
GTPase prenylation? Finally, the interac-
tion of WxxxE proteins with downstream
targets of GTPases could simply improve
the efficiency of activation by bringing8 ª2008 Elsevier Inc.GTPase and target together. Such a com-
plex of GEF, GTPase and downstream
target could also help to explain the insen-
sitivity of WxxxE effectors to YopT.
As is often the case with such ad-
vances, the work of Ohlson et al. (2008)
might provokemore questions than it pro-
vides answers. It does however give a tan-
talizing new insight into this enigmatic
family of effector proteins. The paradigm
of GTPase mimicry is by no means dead
yet, but this could prove to be the first
nail in the coffin.REFERENCES
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